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Tremendous progress has been made in recent years in the growth, doping and processing technologies of 
the wide bandgap semiconductors. The principal driving force behind this activity is the potential use of, for 
example, the Ill-V nitrides in high-power, high-temperature, high-frequency electronic and optical devices 
resistant to radiation damage. This article reports the current state of the art for producing some selected 
devices from the Ill-V nitrides. 
I 
n the past few years significant 
progress has been achieved in 
the crystal growth of wide 
bandgap semiconductors (Es > 2.3 
eV).This has stimulated interest in 
using these materials for electronic 
and optoelectronic devices. The 
physical properties of these mate- 
rials are such that it should be pos- 
sible to fabricate novel devices 
with characteristics much superior 
to those made from either Si or 
GaAs. The major semiconductors 
that are currently under develop- 
ment for devices requiring wide 
energy bandgaps are listed in Table 
1, which also includes the physical 
properties of Si and GaAs for the 
purposes of comparison. 
The dependence of the energy 
gap on molecular weight for 
selected semiconductors is shown 
in Figure 1. For example, by in- 
creasing the molecular weight of a 
material within a family of semi- 
conductors, the lattice constant in- 
creases, which tends to decrease 
the binding energyThis causes the 
melting temperature, the energy 
bandgap and the electron effective 
mass to decrease, and the refractive 
index and the electron mobility to 
increase. 
The variation of the charge 
carrier velocity as a function of 
electric field is a fundamental 
characteristic in determining the 
magnitude of the current that can 
flow through the device. Figure 2 
shows a comparison of such a 
characteristic for several semicon- 
ductors [ 11. 
_ Figure 3 illustrates the intrinsic 
carrier concentration as a function 
of temperature [2]. As can be seen, 
GaAs with a bandgap of 1.42 eV 
has an intrinsic carrier concentra- 
tion three order of magnitude low- 
er than that of Si at 3OO’C. GaAs 
FETs are attractive for operation 
from room temperature to about 
400°C. Operation at higher temper- 
Table 1. Selected physical properties of wide bandgap semiconductors* 
atures is, however, limited by free 
carrier generation, as is evident in 
Figure 3.Therefore, higher bandgap 
semiconductors are required in 
order to produce devices operating 
at temperatures greater than 400°C. 
With many exciting develop- 
ments in wide bandgap semicon- 
ductors, the III-V nitride family 
such as AlN, GaN and InN has at- 
tracted considerable interest in the 
last few years.These materials and 
their ternary and quarternary al- 
loys cover an energy bandgap 
range of 1.9-6.2 eV, suitable for sur- 
face-acoustic wave, UV detectors, 
Bragg reflectors, waveguides, UV 
and visible LED& and laser diodes. 
The interest in GaN-based opti- 
cal devices has grown dramatically 
after the realization and commer- 
cialization of blue and green LEDs, 
and the recent commercialization 
by Nichia Chemical of injection 
laser diodes having very long con- 
tinuous wave (CW) lifetimes 
Material Bandgap Molecular and Lattice Bandgap Melting Thermal 
atomic weight parameter (A) (eV) point (“c) conductivity at 300 K 
(mW.cm-’ .K-I) 
Si Indirect 28.08 
GaAs Direct 144.64 
GaN Direct 83.73 
AlN Direct 40.99 
ZnSe Direct 144.34 
Sic Indirect 40.1 
Diamond Indirect 12.01 
*Si and GaAs are included for comparison. 
5.430 1.11 1412 1500 
5.653 1.42 1238 540 
4.54 3.26 1500 656 
4.98 6.28 2400 823 
5.667 2.67 1500 139 
4.3597 2.2 2800 4000 
3.5667 5.5 3577 30 000 
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(10 000 hours) [3]. GaN is a 
promising material not only for op- 
tical devices in the short wave- 
length range but also for 
high-speed, high-temperature and 
high-power microwave devices 
due to its high electron drift veloci- 
ty, high thermal conductivity and 
high resistance to caustic environ- 
ments, and low thermal generation 
rates and high breakdown fields, 
respectively. Thus, as devices are 
beginning to be produced, it is 
timely to report on the recent 
achievements in these materials. 
Electronic applications 
Field effect transistors (FETs) are 
among the most promising devices 
for fabrication in the wide 
bandgap semiconductors.These re- 
quire only n-type material, and 
thereby avoid the performance 
degradation that results from the 
high resistivity of p-type material. 
Figure 4 shows a typical het- 
erostructure FET (HFET) structure 
which consists of a GaN conduct- 
ing layer grown on a Sic or sap- 
phire substrate. Because of the 
lattice mismatch of GaN on these 
substrates a GaN or AlN buffer lay- 
er is used to isolate the conducting 
channel region from the substrate. 
A thin AlGaN cap layer between 
the conducting channel and the 
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Figure 1. Dependence of the energy gap on molecular weight for selected semiconductors. 
gate metal is used to reduce gate 
leakage to very low values. 
Results on the DC performance 
of AlGaN/GaN HFETs grown on 
Sic substrates were reported by R. 
Gaska et al. [4] (APA Optics Inc, 
Blaine, MN, USA). It was demon- 
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Figure 2. Charge carrier velocity versus electric field for several semiconductors [I]. 
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strated that their HFETs were capa- 
ble of sustaining more than three 
times higher DC power in compar- 
ison with AlGaN/GaN devices 
grown on sapphire substrates. This 
was mainly due to the much high- 
er thermal conductivity of SiC.The 
maximum dissipated DC power at 
room temperature was 0.6 MS%zrne2, 
the maximum transconductance 
was 142 mS.mm-‘, and the source- 
drain current was as high as 0.95 
A.mm-‘. These devices operated at 
temperatures as high as 300°C 
without noticeable change in elec- 
trical characteristics. It is expected 
that further improvements in high- 
voltage, high-current performance 
can be achieved by additional heat 
sinking from the substrate side. 
Recently, developments in 
AlGaN/GaN modulation doped 
FETs (MODFETs) for microwave 
power devices have produced 
some excitement.These devices re- 
quire a high current gain cut-off 
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Figure 3. Intrinsic carrier concentration 
as a function of temperature for several 
semiconductors of interest for high- 
temperature or high-power electronics [2]. 
frequency (f,>, a high saturation 
current and a high breakdown 
voltage. To effectively improve 
extrinsic f,, YE Wu et al. [5] 
(University of California, USA) used 
a thin AlGaN barrier of 200 A with 
a relatively high doping density of 
2 x 10’s cm3 to increase the active 
input capacitance and to reduce 
the source and drain resistances. 
Sheet carrier density and mobility 
of 8 x lo’* cme2 and 1200 
cm*. V’ .s-‘, respectively, were ob- 
tained. An ft of 50 GHz was 
achieved with a 0.2 pm gate-length 
device. In addition the authors 
achieved a CW output power den- 
sity of 1.7 Wmni’ at 10 GHz. It is 
claimed these data set a new 
record for solid state HEMT. It was 
concluded that the six-fold im- 
provement in output power over 
the previous reported value of 
0.27 W.mm-’ at 10 GHz is due to 
the advances in GaN-based device 
technology 
It has been found that FET 
based devices in GaN grown on 
sapphire suffer from negative dif- 
ferential output conductance, 
which is generally attributed to the 
poor thermal conductivity of the 
sapphire substrates on which 
these devices are grown. These 
properties degrade microwave 
power gain and power perfor- 
mance. OAktas et al. (University of 
Illinois, USA) used the inverted 
MODFET (IMODFET) approach to 
combat this problem [6]. This ap- 
proach involves the incorporation 
of an energy barrier against carrier 
injection into the buffer, which re- 
duces the nonthermal component 
of the negative differential output 
conductance.The 2 urn large gate 
length AlGaN/GaN IMODFET de- 
vices exhibited CW output power 
levels of 1.5 Wmm-’ at 4 GHz with 
a drain voltage of 1.5 V Cut-off fre- 
quencies of 6 and 11 GHz were ob- 
tained for devices with 2 urn and 
78 urn gate lengths, respectively. It 
was suggested that the input char- 
acteristics of GaN-based FETs play 
an important role in the output 
power that can be obtained, and 
that the AlGaN buffer layer assisted 
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tlgure 4. Dagram st’tomng a typrcal AIGaN/tiaN HFET structure [I]. 
in reducing the output conduc- 
tance, which improves the power 
gain. 
Several groups have successfully 
fabricated GaN/AlGaN MODFETs 
with promising DC and RF charac- 
teristics using metal organic chem- 
ical vapour deposition (MOCVD) 
and reactive (NH3) gas source mol- 
ecular beam epitaxy (GSMBE). C. 
Nguyen et al. 171 (Hughes 
Research Laboratories, USA) ad- 
dressed the issues of uniformity 
and reproducibility by investigat- 
ing the performance and character- 
istics of GaN/AlGaN MODFETs 
fabricated on materials grown by 
RF-assisted MBE directly on sap- 
phire. They demonstrated that 
devices with performance com- 
parable to those grown by MOCVD 
and GSMBE can be achieved by RF- 
assisted MBE with excellent levels 
of device uniformity. Their device 
characteristics include a maximum 
drain current of 750 mA.mm-‘, a 
breakdown voltage of 45 V, and a 
current gain cut-off frequency of 
28 GHz. In addition a variation val- 
ue of 5% in the maximum drain 
current across two-inch wafers 
was achieved. Nguyen et al. believe 
that the advantages of MBE in the 
level of growth control and unifor- 
mity for FETs are retained in RF-as- 
sisted MBE growth of III-V nitrides. 
A number of GaN FETs and 
AlGaN/GaN heterostructure FETs 
have been reported showing excel- 
lent device breakdown characteris- 
tics. To date, however, all of these 
devices show evidence of perfor- 
mance degradation owing to the 
presence of high parasitic resis- 
tances. It is well known that in 
GaAs technology it is possible to re- 
duce parasitic resistances by using 
the low resistance n+ layer struc- 
ture.This technique is generally not 
applied to nitride devices because 
it is difficult to perform the gate re- 
cess step. In order to overcome the 
problems associated with wet and 
dry etching, which result in low 
gate breakdown voltage, E Ren et 
al. [8] (University of Florida, USA) 
used the MOSFET approach. They 
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deposited Ga203(Gd203) on GaN 
for use as a gate dielectric to fabri- 
cate a depletion MOSFET Their 
analysis of the effect of tempera- 
ture on the device showed that 
gate leakage is significantly re- 
duced at elevated temperature rela- 
tive to a conventional MESFET 
fabricated on the same GaN layer. It 
was also found that the MOSFET I-V 
characteristics improved upon 
heating to 400°C. 
UV detectors 
To detect and give early warning 
against ground-to-air, air-toair, air-to 
ground, and ground-to-ground 
threats, airborne, sea borne and 
ground-based equipment require ul- 
traviolet (IJV) detectors. Other appli- 
cations for such detectors include 
space communications, ozone layer 
monitoring and flame detection. 
GaN and AlGaN are very 
promising semiconductor materi- 
als for UV photodetectors.The su- 
perior radiation hardness and high 
temperature resistance of GaN are 
important for the fabrication of de- 
vices working in extreme condi- 
tions. These wide bandgap 
semiconductors (3.462 eV>, 
which cover the UV photon ener- 
gy region, can be obtained through 
the technology already developed 
for GaN-based LED manufacturing. 
Detectors of UV radiation with 
the cut-off wavelength tuned from 
365 nm (3.41 eV) to less than 250 
nm have been demonstrated by 
several laboratories in the 
AlGaN/GaN materials system. 
Those operating in the wavelength 
region near 280 nm are referred to 
as ‘solar blind’ [9] because the solar 
background radiation, which 
would constitute the radiation 
noise, is absorbed by the ozone lay- 
er surrounding the earth. 
A. Osinsky et al. [lo] (APA 
Optics Inc, USA) fabricated p-rc-n 
GaN photodetectors, where n: indi- 
cates a lightly p-doped compensat- 
ed layer sandwiched between 
more heavily doped p and n layers, 
with extremely low noise and dark 
current characteristics, even lower 
than those of Si detectors. For a 
200 x 200 urn2 device the dark cur- 
rent was 2.7 pA at -3 V, and the 
noise density was less than 1O-25 
A’.HZ’. The photoresponse was 
found to be RC-limited with the re- 
sponse time decreasing from 17.4 
ns at OV to 10.3 ns at -6V 
The fabrication of GaN p-n junc- 
tion photodetectors grown by 
MOCVD on basal-plane sapphire 
substrates was recently reported by 
E. Monroy et al. [111 
(Polytechnic University of Madrid, 
Spain). Their detector was visible- 
blind with a sharp wavelength cut- 
off at 360 nm with a responsivity of 
145 mA.W-’ which corresponds to a 
50% quantum efficiency The pho- 
tocurrent was found to be linear 
with incident power from 10 mWm 
2 up to 2 kWm-*.The photocurrent 
decays were exponential with a time 
constant of 175 ns for a load resis- 
tance of 300 Q and an estimated 
time constant of 105 ns for low load 
resistances. It is claimed that this 
time constant is the best reported 
value so farThe authors believe that 
the GaN junction detectors are good 
candidates for low cost, no filter so 
lar UV monitoring. 
Most of the GaN-based photode- 
tectors were grown on c-plane sap 
phire substrates transparent to UV 
radiation. Silicon substrates may be 
of interest since high quality GaN- 
InGaN heterostructures were report- 
ed [ 121. Moreover, Si would be an 
attractive substrate because of well- 
developed handling and packaging 
methods.There is also the possibility 
of integrating AlGaN photodetectors 
and their arrays with Si-based read- 
out and control circuitry. Novel GaN 
Schottky barrier detectors grown by 
MBE on Si(ll1) substrates were re- 
cently reported by A. Osinsky et al. 
[ 131. They observed a sharp long- 
wavelength cutoff at 365 nm and a 
Peak responsivity of 0.1 
A.W-’ under bias of -4 V The dark 
current was 60 nA at -2 V and the 
noise equivalent power was estimat- 
ed to be 3.7 x 10.” W over the re- 
sponse bandwidth of 2.2 MHz. 
Conclusion 
The long-term interest in GaN- 
based materials systems stems 
from its potential for both opto- 
electronic and electronic devices. 
The high quality of GaN/AlGaN 
films is evident from the perfor- 
mance of HFETs, MODFETS and 
UV detectors reported in this arti- 
cle.These devices are expected to 
be more widely studied as de- 
mand increases for electronic 
devices operating at high temper- 
atures and/or high powers, and 
for photodetectors in the UV 
wavelength range. 
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